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ABSTRACT The Internet of Thing (IoT) and fifth-generation mobile communication networks (5G) are 
leading towards a paradigm shift by proving seamless connectivity to a large number of devices. The 
applications of IoT in smart cities have further attracted local authorities to adopt technologies such as 
driverless cars, smart parking and smart waste management. This paper presents a compact base station 
antenna design with enhanced directivity/gain for ultra-wideband (UWB)/5G embraced real-time location 
systems (RTLS) based smart parking of driverless cars. The proposed base station antenna is based on 
image theory to achieve enhanced directivity and narrower beam width without using more array elements 
to keep smaller dimensions. Moreover, the base station antenna consists of an antipodal dipole printed on 
the opposite side of Rogers 4350 substrate, and a metal plate carefully designed and placed to produce a 
mirror image in order to achieve a high value of directivity in a specified direction. The advantage behind 
the antipodal dipole configuration is to avoid the use of extra balun for impedance matching. The half-
power beamwidth of 110o is achieved along with 7 dB gain by placing a reflector plane at the distance of 
0.25 o from the proposed antipodal dipole antenna. Also, this antenna provides a bandwidth ranging from 6 
to 7.25 GHz, which can be used for UWB or 5G based RTLS systems. Furthermore, the proposed compact 
antenna design will help to improve the localization accuracy of ultra- wideband RTLS systems for smart 
parking applications of autonomous cars. 
INDEX TERMS Antenna Design, Bandwidth, Directivity Enhancement, Driverless Cars, Internet of Thing 
(IoT), Smart Cities.
I. INTRODUCTION 
 
5G mobile communication technology in collaboration with 
Internet of Things (IoT) producing a paradigm shift by 
providing connectivity to billions of devices with enhanced 
data rate up to 100s of Mb/s and latency up to 1 ms [1], [2]. 
5G is no longer a dream but becomes today’s reality and 
realizes many abstract visualizations into veracity by 
innovating a huge number of applications such as remote 
healthcare monitoring [3], remote surgery, autonomous or 
driverless cars, smart cities [4][5], smart waste management, 
smart parking solutions, smart homes, smart spaces [6] and 
IoT. Also, the first 5G standardization milestone also 
known as 5G new radio (5G NR) has marked 5G as key 
backbone technology to enable to Internet of Everything 
(IoE).  Therefore, 5G is not just an upgrade to previous 
cellular communication standards, but a revolution that will 
create evolutions by eliminating limitations towards access, 
bandwidth/speed, performance, and latency on worldwide 
connectivity [7][8]. 
Moreover, the IoT technology is providing a platform that 
foresees a communication model by enabling daily life 
things/objects to communicate with each other and with the 
users [8][9]. Also, these things will be equipped with small 
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microcontrollers, transceivers, and protocols stacks to assist 
them to communicate and maintain their unique identity 
over the Internet.  The IoT technology has further immersed 
the Internet even more pervasive by enabling easy access 
and connectivity to a wide variety of devices ranging from 
home appliances, surveillance cameras, sensors, actuators, 
vehicles, displays, and so on [10][11].  
    Vehicles parking is one of the most critical issues in 
large urban areas and cities. A typical car is parked for an 
average of 23 hours a day and occupies serval parking 
spaces ranging from a parking lot or on-street 
parking/roadside parking. Vehicles parking conflicts 
especially conflicts for on-street/roadside parking are major 
issues for city planners, designers, and officials. Such issues 
in on-street parking occurred either due to mismanagement 
in slot allocation or parking mismanagement. Moreover, 
with the invention of autonomous and driverless cars, this 
challenge will be magnified further. However, thanks to 
technologies such as IoT, 5G, RFID, GPS and UWB RTLS 
that enables concept of smart cities and smart vehicle 
parking management [12]–[19].  
   UWB based RTLS systems can able to provide decimeter 
level accuracy regarding positing and localization. Unlike 
other positioning technologies such as GPS Bluetooth or 
Wi-Fi, UWB technology uses RF signal’s time difference 
of arrival (TDOA) or Time of Flight to estimates the 
distance between target and reference base station, that 
provides more accuracy with much more precise range 
measurement [12]. Moreover, the UWB signals are resistant 
to multipath effects and can be distinguished even in noisy 
environments. Also, since UWB technology utilizes low 
power that’s why it does not produce interference with 
other radio communication systems [20]–[25].  In addition 
to this, 5G technology can also provide similar advantages 
regarding position accuracy and localization due to ultra-
dense small cells [7][26]. Fig. 1 shows the Difference 
between positioning accuracy of ultra-wideband or 5G 
based RTLS systems and other positioning technologies. 
     Antennas have a great influence on positing systems like 
any other communication technology. A directional antenna 
poses more advantages to UWB or 5G based RTLS 
systems, alongside a small footprint of antenna helps to 
reduce the cost and meet the space constraints. A UWB 
PIFA type antenna has been proposed for RTLS systems. 
Although the size of antenna is small, how it has 
omnidirectional radiation pattern with very low gain profile 
2.678 dB [27]. Another antenna was proposed in [28] for 
RTLS applications. This antenna has very large footprint 
along with low radiation performance. Therefore, in this 
paper, a compact base station antenna design with enhanced 
directivity is proposed for ultra-wideband(UWB)/5G 
embraced real-time location systems (RTLS) based smart 
parking of driverless or self-driving cars. The proposed 
base station antenna was based on image theory to achieve 
enhanced directivity and narrower beamwidth without  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1. Difference between positioning accuracy of ultra-wideband 
or 5G based RTLS systems and other positioning technologies  
 
using more number of array elements in order to keep 
smaller dimensions. Also, the base station antenna consists 
of antipodal dipole printed on the opposite side of Rogers 
4350 substrate in order to avoid extra balun for impedance 
matching and a metal plate. The proposed design exploits 
image theory to produce mirror image in order to achieve 
high value of directivity in specified direction. This antenna 
provides 7 dB gain along with half-power beamwidth of 
110o by placing a reflector plane at the distance of 0.25
o  
from proposed antipodal dipole antenna. Also, this antenna 
offers a bandwidth ranging from 6 GHz to 7.25 GHz, which 
can be used for UWB or 5G based RTLS systems. 
Furthermore, the proposed compact antenna design will 
help to improve the localization accuracy of ultra-wideband 
RTLS systems for smart parking applications of 
autonomous cars or driverless cars. 
 
II. APPLICATION SCENARIO 
 
Fig. 2 (a) illustrates the application scenario of the proposed 
base station antenna for on-street or roadside parking in 
smart cities applications. The proposed base station antenna 
design is mounted on preinstalled street light poles and the 
UWB sensor antennas will be either installed on autonomous 
car’s rooftop or front windscreen. The sensor antenna will 
receive at least two base stations signals to determine its 
location and empty location on parking lot. Since the 
proposed antenna has enhanced directivity, so it provides 
high precision regarding position and localization for UWB 
or 5G based RTLS systems. Similarly, this antenna is 
suitable for smart underground parking systems (as shown in 
Fig. 2(b)) based on UWB or 5G RTLS, due to weak GPS 
signals availability in underground environments. Therefore, 
the proposed antenna based RTLS smart parking system will 
help a car to find an empty parking slot for itself along 
roadside or underground parking, guide it towards parking 
slot, and further help it to pay parking fees. Furthermore, this 
antenna can be used in future 5G networks for localization of 
other objects such as human beings due to densely deployed 
access nodes.  
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FIGURE 2.  Application scenario of RTLS based base station and sensor antenna design in smart cities applications (a) For road-side or on-street 
parking of driverless cars (b) For underground parking of driverless or autonomous cars (Due to weak GPS signal underground RTLS based system 
provide more accurate positing and localization
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III.  ANTENNA DESIGN METHODOLOGY AND 
REALIZATION  
A. ANTENNA CONFIGURATION  
The whole configuration and dimensions of the proposed 
base station antenna design are depicted in Fig. 3. It consists 
of an antipodal dipole fabricated on opposite sides of Roger 
4350 substrate (as shown in Fig. 4), and a reflector metal 
plate etched Rogers 4350 substrate (εr = 3.5, tan δ = 0.0015). 
The antipodal dipole part (which is quite similar to vintage 
airplane propeller fan) is differentially fed from one edge 
using single coaxial feedline. A small ABS plastic column 
was used to support the antenna structure, which was also 
included in antenna simulations and measurements.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
(a) 
 
(b) 
FIGURE 3.  (a) Whole configuration proposed base station antenna 
design with ABS plastic column (b) Dimension of proposed base station 
antenna (L=30 mm, W=20 mm, L1=7.95 mm, W1=4 mm, W2= 2 mm, h1=8 
mm, h2= 0.8 mm) 
 
FIGURE 4.  Antipodal dipole-like small patches fabricated on opposite 
sides of Roger 4350 substrate  
B. DESIGN STEPS AND WORKING 
The proposed antenna has been designed and optimized 
using HFSS at a center frequency of 6.5 GHz. The main aim 
of the proposed design was to achieve high directivity in 
order to get more localization accuracy for real-time 
locations systems. Along with this high directivity, the size 
of proposed design must be compact in order to meet the cost 
and space requirements. To increase the directivity of 
antenna, antenna array concept was used to attain high 
directivity in specific direction. Moreover, since the dipole is 
an array of current sources in the vertical direction, so we can 
consider using dipoles as the basic unit to achieve this goal. 
Therefore, starting with two-element dipole array with a half-
wavelength spacing as shown in Fig. 5 (a). The half-power 
beamwidth and maximum gain associated with this two-
element dipole array were 120° and 5 dB, respectively as 
illustrated in Fig. 5(b).  
 
 
 
 
 
 
 
 
(a) 
 
(b) 
FIGURE 5.  (a) Simulation model of two-element dipole Array (b) 
Simulated radiation pattern of two-element dipole Array   
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FIGURE 6.  Dipole antenna placed in front of metal plate, it creates a mirror image diploe 
 
Due to space constraints, we use the metal plate instead of 
another dipole to increase directivity. An infinite metal was 
placed at 0.25
o  distance from the dipole. Due to the mirror 
image, it can be equivalent to an array of two dipoles as 
shown in Fig. 6.  
The total Fairfield radiated by dipole and image dipole can be 
expressed as follows [29], [30]: 
 
                                                                                              (1) 
 
 
                                                                                               (2) 
 
The gain of the antenna array ( ( , )G   ) can be expressed by 
taking square of (2) as follow: 
 
                                                                                               (3) 
 
Where             represents element factor that characteristics 
identical radiation pattern of dipole antenna elements, and 
                    represents an array factor. 
 
As referred to [31], [32], the normalized far-field radiation 
pattern of the single half-wavelength dipole can be expressed 
as: 
 
 
                                                                                               (4) 
 
 
 The metal plate produces a virtual source due to the effect 
called image theory [32]. For analysis purposes only, these 
image sources generate exactly the same radiation pattern as 
original antenna above the ground plane, but 180o shifted. 
Considering both the original dipole and image dipole, the 
normalized radiation pattern for this two-element array can 
be expressed as:  
 
                                                                                              (5) 
 
The simulated radiation pattern resulted after placing in the 
infinite metal plate is illustrated in Fig. 7 (a). The simulation 
results show that the maximum gain is 8.4 dB and the half-
power beamwidth is about 90°.  
 
Moreover, it can be observed that the maximum gain and 
beamwidth of the antipodal dipole with mirror metal plate are 
different from those of two individual dipole array pattern. 
The reason behind this difference is because the 
electromagnetic waves generated by the dipoles excite 
current on the metal surface as shown in Fig. 7 (b). These 
currents on the metal surface can be regarded as an array of 
current sources in the vertical direction.  
 
(a) 
 
(b) 
FIGURE 7. (a) Simulated radiation pattern resulted after placing infinite 
metal plate (b) Surface current distribution on infinite metal plate 
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(a) 
 
(b) 
FIGURE 8.  (a) Surface current distribution on a finite metal plate of 
surface area 30   20 mm (b) Simulated radiation pattern resulted after 
placing a finite metal plate 
 
Consequently, this array of current sources increases the 
gain, while on the other hand produces a narrower 
beamwidth in the horizontal direction. Therefore, we can 
control the shape of the pattern by controlling the area of the 
metallic plane, and by changing the distribution of the current 
sources excited by the dipole on the metal floor. 
Furthermore, a finite metal plate of dimensions 20 mm  30 
mm was placed behind the antipodal dipole instead of 
abstract conceptual infinite metal plate. The surface current 
distribution and radiation pattern resulted after placing the 
finite ground plane are depicted in Figs. 8(a) and (b), 
respectively. The current distribution again shows an array of 
current sources similar to the current sources generated in 
case of infinite ground plane. The maximum gain and 
beamwidth achieved in this case is 7.3 dB and 110o, which is 
little less as compared to maximum gain in case of infinite 
ground plane. However, the beamwidth and directivity 
resulted in case of finite ground plane are good enough and 
much better as compared to individual two-element dipole 
array.  
Additionally, the simple dipole structure is replaced with an 
antipodal dipole, which has quite similar performance as 
simple dipole. The advantage behind this antipodal dipole 
configuration is to avoid the use of balun to feed the dipole 
antenna. In antipodal configuration, it is quite easier to feed 
the dipole using a simple coaxial feed line by connecting 
inner conductor to the one wing of antipodal dipole and outer 
conductor to another wing.  
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 9.  Representation of concentration of energy (directivity) from 
a simple dipole vs proposed antenna  
 
As shown in Fig. 9, the energy of the omnidirectional 
antenna (dipole antenna) is radiated in a 360° space. If we 
want to concentrate the energy of the omnidirectional 
antenna to the range of like 110°, its energy (directivity) must 
be described as follows: 
 
                   
                                                                                               (6) 
 
So, the novelty of this work lies in getting the 110° 
beamwidth and 7dB gain with compact antenna size (20  
30 8 mm3). The proposed design obtained so far have good 
gain and narrow beamwidth. However, the impedance 
bandwidth of antenna was just 0.55 GHz (8.5 %) as shown in 
Fig. 10 (a). For that reason, the measures are taken to 
increase the impedance bandwidth of the antenna to make it 
compatible with Decawave’s DWM 1000 and DWM 1001 
UWB transceivers [33], [34]. Because of the large induced 
current on the metallic plane, it affects the input impedance 
of the antenna. Also, the capacitance between the dipole and 
the metal plate was nullified by adding a small length of and 
the coaxial line. The coaxial line’s inner and outer conductors 
are connected to the two wings of the dipole respectively, 
and the outer conductor of the coaxial line is also connected 
1
360
2.15 10log( ) 7.3
110
D dB dB  
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to the metal plate. On one hand, this configuration creates 
ease of integration in feeding the dipole, on the other hand 
introduces an inductance, which is useful to compensate 
extra capacitance caused by the proximity of metallic plate. 
In addition to this, the reactance between 6-7 GHz is greater 
than 0 at this time as depicted in Fig. 10 (b). Consequently, it 
is necessary to introduce a capacitance to reduce the 
reactance and thereby increase the bandwidth. As a result, the 
dipole is changed to a planar dipole to increase its facing area 
with the metal plate, thereby increasing the capacitance. 
Hence the antenna bandwidth is increased.  
Moreover, a parametric study has been carried out to get 
optimal bandwidth by changing the width of the antipodal 
dipole. Fig. 9 shows the plot of S11 parameter and 
impedance of whole antenna configuration with respect to 
dipole width. The bandwidth of proposed design increased 
gradually by increasing the width of antipodal dipole. The 
optimal bandwidth is achieved with dipole width of 2 mm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
FIGURE 10. (a) Parametric study regarding S11 parameter of the 
proposed antenna as a function of width of antipodal dipole (b) 
Parametric study regarding Impedance of proposed antenna as a 
function of width of antipodal dipole  
 
(a) 
 
 
(b) 
FIGURE 11. (a) Realized gain of proposed antenna design at 6.5 GHz 
(b)Simulated 3 D radiation pattern (realized gain) of proposed antenna 
design at 6.5 GHz 
 
Similarly, a flat impedance curve for the proposed antenna 
was achieved between 6 GHz to 7 GHz by setting the width 
of antipodal dipole 2mm. Therefore, the proposed antenna 
design poses 1 GHz bandwidth ranging from 6 GHz to 7.25 
GHz (which is 15.5 %). Furthermore, Fig. 11 (a) shows the 
realized gain of proposed antenna design, which further 
clarifies the antenna performance in terms of radiation 
efficiency. The realized gain of antenna is also nearly 7 dB. 
Also, it is clarifying from Fig. 10 that half-power beamwidth 
point corresponds to Phi 123o and 233o, respectively 
endorsing the beamwidth of 110o. Moreover, the 3-D 
radiation pattern of proposed design at 6.5 GHz is shown in 
Fig. 11 (b).  
IV. MEASUREMENT RESULTS AND DISCUSSION 
 
A prototype of the proposed antenna was fabricated to prove 
the concept. The proposed antenna was fabricated using two 
layers of Rogers 4350 substrate with thickness (h=0.8 mm). 
One layer of substrate was used to print antipodal dipole, 
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with each wing of antipodal dipole on opposite sides of 
substrate. The metal plate is printed on second layer of 
substrate. A coaxial line is soldered with inner connector to 
one wing of antipodal dipole, while the outer connector with 
another wing of antipodal dipole. It is worth to mention here 
that antipodal dipole configuration avoids the use of extra 
balun for feeding as it is required in case of simple dipole.  
Fig. 12 shows a fabricated prototype of proposed antenna 
design. Additionally, the fabricated antenna was attached 
with a vector network analyzer (Agilent E8363B) for S11 
parameter measurements as shown in Fig. 13. The measured 
and simulated S11 parameter is shown in Fig. 14. As can be 
seen from Fig. 14, the measured S11 is less than -10 dB from 
6.25 GHz to 7.25 GHz. Also, the measured result matched 
well with simulated one with little discrepancy, which may 
be resulted due to little bit shift in rated permittivity and loss 
tangent values of Rogers 4350 substrate. 
It can be also noticed that there are some ripples in measured 
S11 parameter, especially in the higher band. This 
phenomenon occurs partially due to the effects of the coaxial 
cables used in the measurement setup. Furthermore, the far-
field radiation pattern of fabricated antenna prototype was 
also studied to verify the concept.  
Fig. 15 shows the photograph of the fabricated antenna 
placed inside anechoic chamber for flexible antenna pattern 
and gain measurements. The anechoic chamber of 
dimensions (25 m× 15 m × 15 m) was established by 
SATIMO company. The simulated and measured H-plane 
and E-plane pattern of proposed antenna for 6.25 GHz, 
6.5GHz, and 6.75 GHz are illustrated in Figs. 16 (a), (b) and 
(c), respectively. The measured radiation pattern results are 
matched well with simulated results. The antenna poses quite 
similar radiation characteristic performance for these three 
frequency bands, which proves the significance of proposed 
design in terms of stable radiation patterns for whole working 
frequency band. The E-plane and H-plane pattern revealed 
that the proposed design has almost substantially equivalent 
beamwidth in both planes. More precisely, the beamwidth in 
H-plane is 110o, while the beamwidth in E-plane is even less 
than 110o, which means even more narrower beamwidth. 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 12.  Photograph of the fabricated prototype of proposed 
antenna  
 
FIGURE 13.  S11 parameter measurement of fabricated prototype using 
Vector Network Analyzer  
 
FIGURE 14.  Measured and simulated S11 parameter of fabricated 
prototype of proposed antenna design  
 
FIGURE 15.  Radiation pattern and gain measurement of proposed 
antenna in an anechoic chamber  
This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2019.2959130, IEEE Access
 Author Name: Preparation of Papers for IEEE Access (February 2017) 
2 VOLUME XX, 2017 
 
(a) 
  
(b) 
 
(c) 
FIGURE 16.  (a) Simulated and measured E-plane and H-plane radiation pattern (realized gain) of proposed antenna design at 6.25 GHz (b) Simulated 
and measured E-plane and H-plane radiation pattern (realized gain) of proposed antenna design at 6.5 GHz (c) Simulated and measured E-plane and H-
plane radiation pattern (realized gain) of proposed antenna design at 6.75 GHz  
V. IMPACT ON ACCURACY IMPROVEMENT 
 
To understand the impact of the proposed antenna design on 
localization improvement, we consider a scenario as depicted 
in Fig. 17, which shows proposed RTLS base station antenna  
 
 
with enhanced directivity and a sensor tag antenna mounted 
on a car. Suppose the transmitter antenna radiates a signal 
with power      , and the signal received receiver antenna with 
power     . 
tP
rP
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FIGURE 17.  Scenario to view the impact of the antenna on localization 
accuracy improvement  
 
The received power     can be computed using the Friis 
formula [29] in free space conditions as follows: 
 
                                                                                              (7) 
 
Where 
tG  and rG  are gains of the base station and sensor 
antennas, respectively, PL  is polarization mismatch loss, and 
D is the distance between base station and sensor antennas. 
The localization accuracy of the algorithm [35], [36] depends 
on estimation distance between transmitter and receiver 
antennas. This distance D can be calculated using received 
power as follows: 
 
                                                                                               (8) 
 
Where C corresponds to calibration factor and becomes equal 
to    , if base station and sensor antenna are aligned face to 
face, and due to inverse of Friis formula n is equal to 2 [29]. 
If the directivity or gain of transmitter antenna increases up 
to 7 dB, which far much better than a simple dipole. So, the 
estimated distance (range) accuracy improvement [35] due to 
proposed antenna is illustrated in Fig. 18. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 18.  Comparison of estimated range of proposed antenna 
design plotted vs. different positions of sensor  
Fig. 18 summaries the estimated range, when the position of 
received sensor antenna is moved along the path. The 
estimated range due to proposed antenna is compared with 
antenna proposed in [27] and simple dipole antenna. As it 
can be observed, a considerable improvement in estimated 
distance due to the proposed antenna, which will further help 
localization algorithms to attain high accuracy in positioning 
and tracking. Therefore, the proposed antenna helps to 
improve the localization accuracy of 5G / UWB based RTLS 
systems.   
VI. CONCLUSION 
 
In this paper presents, a compact base station antenna with 
enhanced gain/ directivity has been proposed for UWB/5G 
embraced RTLS based smart parking of driverless or self-
driving cars. The image theory was exploited to get enhanced 
directivity and narrower beamwidth, instead of using more 
array elements in order to keep smaller dimensions. The base 
station antenna consists of antipodal dipole printed on 
opposite side of Rogers 4350 substrate, which avoids the use 
of extra balun for impedance matching. Moreover, a metal 
plate carefully designed and placed at a distance of 0.25 
o   
from proposed antipodal dipole antenna to produce mirror 
image in order to achieve high value of directivity/gain. This 
antenna provides a bandwidth ranging from 6 GHz to 7.25 
GHz proposed design along with 7 dB gain and 110o half-
power beamwidth. Furthermore, the proposed compact 
antenna designs will help to improve the localization 
accuracy of UWB/5G based RTLS systems for smart parking 
applications of autonomous cars. 
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